Skyrmions are nanoscale spin configurations with topological properties that hold great promise for spintronic devices. Here, we establish their Néel texture, helicity, and size in Ir/Fe/Co/Pt multilayer films by constructing a multipole expansion to model their stray field signatures and applying it to magnetic force microscopy (MFM) images. Furthermore, the demonstrated sensitivity to inhomogeneity in skyrmion properties, coupled with a unique capability to estimate the pinning force governing dynamics, portends broad applicability in the burgeoning field of topological spin textures.
The realization of nanoscale, magnetic skyrmions in metallic multilayer films has generated a surge of research [1] [2] [3] [4] . Understanding the structure and behavior of these localized, two-dimensional (2D) spin-textures is fundamental [5] [6] [7] , with implications for spintronics technologies. The unique properties of skyrmions stem from their topologically non-trivial spin-configuration. The spin at the center of a skyrmion is opposite to the out-of-plane (OP) spin direction of the background [ Fig. 2(a-d)] , and reverses over a length-scale defining the skyrmion radius (r Sk ), which can vary from a few nanometers to microns [8, 9] . The in-plane (IP) spin component winds chirally with helicity γ [5] , ranging from Néel [7] (γ = 0, π) to Bloch [10] (γ = ±π/2) texture [ Fig. 2(a-d) ].
Skyrmions are generated by the anti-symmetric Dzyaloshinskii-Moriya interaction (DMI) found in chiral magnets [10] [11] [12] [13] [14] and at ferromagnet/heavy-metal interfaces [15, 16] . Efforts to realize interfacial DMI have rapidly shifted from epitaxial monolayers [4] to sputtered multilayer films that host columnar room-temperature (RT) skyrmions [2-4, 17, 18] . The properties of multilayer skyrmions show considerably more variation than their epitaxial counterparts. First, r Sk can be inhomogeneous, with up to ×2 variations over a µm-range [3] . Next, the spin structure can evolve in all three dimensions with columnar skyrmions potentially consisting of inertial cores [3, 4, 19] . Finally, the granularity of magnetic interactions can result in varying skyrmion configurations [18] , which affect stability, dynamics, and switching properties [20] . Any effort to understand and exploit such skyrmions requires spatially resolved information about their static properties (e.g. size, helicity, robustness to perturbations), and an understanding of how these influence their dynamic behavior.
Here we use magnetic force microscopy (MFM) to investigate magnetic textures in a [Ir(1)/Fe(0.5)/ Co(0.5)/Pt(1)] 20 (in parenthesis -thickness in nm) multilayer film sputtered on a SiO 2 substrate [21] . Such multilayers host RT skyrmions [18] , which we find persist down to T = 5 K. MFM is an established technique for magnetic characterization on the nanoscale, with unique, yet-untapped advantages for investigating skyrmions. First, MFM allows for high-resolution imaging of magnetic textures in films and devices on substrates, enabling direct comparisons with transport and thermodynamic techniques [18] . Next, while MFM has been used for direct/in-situ imaging of skyrmion dynamics [20, 22] , using it in conjunction with a quantitative physical model enables determination of individual skyrmion properties across the disordered magnetic landscape. Crucially, the magnetic MFM tip, when in close proximity to skyrmions, provides a unique window into the response of individual skyrmions to perturbations (c.f. vortices [23] ), which may facilitate experimentallydriven modeling of mobility and switching by charge and spin currents.
Motivated by the potential of quantitative MFM, we utilize it here to investigate the characteristics of individual skyrmions. To provide an accurate physical description of the MFM signal we develop a multipole expansion for the magnetic field from skyrmions (MEFS), and fit it to our model using only two free parameters per skyrmion. Our fit results enable us to determine (i) their Néel texture and helicity (|γ| < π/2), (ii) to quantify r Sk , (iii) to map the spatial variation of their properties, and (iv) to estimate the force required to move individual skyrmions.
In this work, skyrmions were stabilized at 5 K by finite OP magnetic field, µ 0 H, after saturation at −0.5 T. MFM imaging was performed by rastering a magnetic tip above the planar (x − y) surface of the sample. The MFM signal arises from the variation of the tipsample interaction force (F z ) induced by oscillating the height between h and h + 2a, which we track by measuring the change in resonant frequency (∆f ) of the cantilever holding the tip [24] . Such a response can be well-described provided that the cantilever motion is harmonic and that ∆f f 0 , the free resonant frequency [25] . Adapting to MFM raster scanning [21] , the 2D Fourier transform (FT) of ∆f is related to the
1/2 and T (qa) = −k
. Here k 0 ≈ 1 N/m is the spring constant of the cantilever, I 1 (x) is a Bessel function, f 0 ≈ 75 kHz, a ≈ 30 nm, and h 50 nm for sufficiently high resolution. As expected for a → 0, T (qa) ≈ −f 0 /2k 0 [24] . Figure 1 (a) is a typical MFM image acquired at −0.3 T. We identify the small round features as skyrmions [18] . As the tip and sample were polarized together, the uniformly magnetized background interacts weakly with the tip, with small variations indicating disorder [26] . In contrast, the skyrmions, magnetized opposite to the background, display a much stronger interaction with the tip. The skyrmions are randomly dispersed suggesting that disorder is more important than skyrmion-skyrmion interactions under these conditions. The disorder reveals its role also in the zoom in Fig. 1 (c), which shows that the skyrmions are not identical.
We now focus on understanding the signal profile of individual skyrmions [cf. In particular, we have found that the sum of a dipolar field and a quadrupolar field describes the magnetic field of a skyrmion well [cf. fit in Fig. 1(b) ]. Below we describe the motivation for this description, and examine the relationship between the dipole (P i ) and quadrupole (Q ij ) moments and the MFM signal.
The magnetic field generated by the skyrmion magnetization (M) determines its MFM signature. For a uniformly magnetized thin film hosting an axially-symmetric skyrmion with vorticity m magnetized along ±ẑ, M is given by [5] :
Here ψ(ϕ) = mϕ + γ, where ϕ is the axial angle, θ is the polar angle, ρ = 2πr/L D (r is the distance from the skyrmion center, L D ≡ 4πA/|D| is the domain wall thickness, A is the exchange stiffness and D is the micromagnetic DMI strength).
s is the saturation magnetization, d is the film thickness, and Θ(z) is the Heaviside function. θ(ρ) is a solution to wellknown ordinary differential equations [28] with appropriate boundary conditions. For θ(0) = π, θ(∞) = 0, and m = 1 we have [5, 6] : The magnetic field from a localized magnetic structure can be described by a multipole expansion [29] . For this purpose we define a magnetic scalar potential H = −∇Φ [21] . The first term of the resulting MEFS is proportional to P i ≡ − r i ∇ · M dv, the second to
For axially symmetric skyrmions with m = 1, P = Pẑ and Q ij is diagonal with Q xx = Q yy = −Q zz /2 ≡ Q. Thus: 
The sign of P corresponds to the OP magnetization of the skyrmion (±ẑ). The sign of Q indicates whether the IP magnetization points away (+) or towards (−) the center, thus determining the helicity of Néel skyrmions, which is difficult to extract from other techniques [30] . Importantly, for Bloch skyrmions Q = 0. To estimate P and Q, we approximate the solution of Eq. 1 [8] :
where η ± ≡ (ρ ± ρ 0 )/σ, σ parameterizes the domain wall thickness and ρ 0 the skyrmion radius. For ρ 0 /σ 1 Q/|P | ≈ r Sk cos γ, where M z (r = r Sk ) = 0 [21] . For Fig. 2 (e) a fit to Eq. 5 gives σ = 0.140, ρ 0 = 0.037.
The analytical model is substantiated by numerical calculations of the magnetic field from a γ = 0 skyrmion in a film with d = 20 nm, as illustrated in Fig. 2(f) . A comparison between the exact solution and MEFS, shown in Fig. 2(g) , suggests that Eq. 2 describes the stray field very well with the quadrupolar contribution increasing gradually as w(h) is reduced. Figure 2(h) shows the ratio between the quadrupole (H Q z ) and the dipole (H P z ) contributions to H z , from Eqs. 2-4 with γ = 0, ±π/2, π. As expected, for Bloch skyrmions (γ = ±π/2) Q = 0, and the sign of Q is opposite for the two kinds of Néel skyrmions (γ = 0, π). Therefore Q/P allows the direct determination of skyrmion helicity.
To fit the MFM data using Eq. 2, we model the tip as a thin shell with axial symmetry ( [21] ), and illustrated in Fig. 2 
. Here m 0 = M 0 t, where M 0 is the tip magnetization and t is the thickness of the magnetic coating; z is along the tip axis and g(z) is the radius of the tip in a constant-z cut. Given g(z), Eq. 2 implies [21] :
where we have used the FT of Φ (r, h = 0), J 0 (x) is a Bessel function, and C is a constant proportional to P that determines the scale of the skyrmion-tip interaction. A fit using Eq. 6 is computationally expensive. Therefore, we first determine the skyrmion positions, peak magnitude (∆f max ) and full-width-at-halfmaximum (FWHM) by fitting to a simplified model of the tip [21] . Next, we fit the signal from the skyrmions using a more accurate model for the tip: g(z) = α(z 4 + βz) 1/4 , with α = 0.24 and β = 2.7 · 10 6 nm 3 [21] . This fit includes only two free parameters per skyrmion (C and Q/P ), as the positions are set from the fit to the simplified tip model, α and β are determined from scanning electron microscopy, and we measure d and h. Figure 3(a) shows the dependence of χ (root-mean-square of the error) on Q/P for a representative skyrmion for three values of w, including the actual value for the data in Fig.1(a) , w(h) = 82 nm. This value includes 2 nm for a cappinglayer, and the d = 60 nm magnetic part of the stack [21] . For all skyrmions we find a single global minimum corresponding to the optimal Q/P , that becomes shallower for larger w(h). As expected, h and d have a direct impact on how precisely Q/P can be determined. Based on such analysis we conclude that Q/P 0 for the skyrmions in our film, indicating Néel texture. Figure 1(b) shows the fit and Fig. 3 (b) the residual we obtain upon repeating this fitting procedure for all skyrmions in Fig. 3(a) . This reveals several subtle features. First, the nanoscale variations in the background that are typical of the inhomogeneous magnetic structure of sputtered multilayer films [26] . Second, are discontinuities for some skyrmions [e.g. circles in Fig. 3(b) ], For each Q/P we chose C that minimizes χ in the area marked by the dashed rectangle in (b) after subtracting the contributions of all other skyrmions, which were fit using a simpler model [21] . (b) The difference between data and fit in Fig. 1 likely due to MFM tip-induced skyrmion motion. Other explanations, such as irregular skyrmion shapes, cannot give such sharp fit residuals. These observations, in conjunction with the variability in skyrmion properties, are direct consequences of inhomogeneous magnetic interactions [26] , and reinforce the need for individual fit parameters to accurately describe multilayer skyrmions. Figure 4 shows histograms of the individual skyrmion parameters we obtain from the fit to Fig. 1(a) . Figure 4(a) shows that FWHM, which includes tip effects, varies by ∼ 20% (100 − 120 nm). Its larger magnitude compared to RT values for similar films [18] is likely due to the changed magnetic parameters at 5 K. Notably however, the uniform FWHM [ Fig. 4(a) ] is in contrast to the considerable variability of ∆f max [ Fig. 4(b) ], indicating a significant variation in the stray field strength of the skyrmions.
The model allows us to go beyond conventional MFM to extract a typical length scale (Q/P ) that, unlike FWHM, is dissociated from both the tip shape and the effect of h, and can therefore be lower. This ability to extract information on true length scales indicates the power of MEFS. Figure 4 (c) shows histograms for Q/P . The narrow histogram is for the actual fit results, but as the fit uncertainty is large [cf. C vs. Q/P and Fig. 3(a) ], we generated the wider histogram. For this we assumed that each value of Q/P is drawn from a normal distribution N (Q/P, δ Q P ) with the width δ Q P given by the error shown in the C(Q/P ) plot. We conclude that Q/P ≈ 34 nm (standard deviation 27 nm). This number represents the shape of skyrmions that do not exhibit discontinuities. By comparing to scans with larger h we conclude that changes induced by the field from the tip are too subtle for us to observe. Integrating the wide histogram we find that Q/P > 0 with probability 0.9. This likely rules out Bloch skyrmions and implies that our skyrmions have Néel texture with helicity |γ| < π/2. While this is consistent with Néel skyrmions with helicity γ = 0 [ Fig. 2(a),(f) ], we cannot rule out the presence of a partial Bloch component [31] .
Figures 4(c),(d) show no correlation between C and Q/P , and that the relative spread of C is smaller (C = 61 ± 9 nN · nm 2 ). The contrasting spreads are likely due to the inherent sensitivity of C to P , rather than to Q/P . Q/P provides finer information on the skyrmion structure [21] , and is therefore more sensitive to disorder, which in turn contributes to its spread. Crucially, a key utility of our model is the ability to calculate the force exerted by the tip on skyrmions. We estimate that a skyrmion with the mean Q/P and C experiences a lateral force of F tip ≈ 1 pN as a result of interaction with the MFM tip [21] . As this force was sufficient to move only some of the skyrmions, we estimate F pin ≈ F tip , where F pin is the typical force required to move a skyrmion. Using the Lorentz force to estimate a critical current for adiabatic manipulation of skyrmions, we obtain [32] J = (F pin /d)/(h/e) ≈ 4 · 10 9 A/m 2 . This 5 K value is smaller than RT values reported previously on similar samples [3] , and indicates that accounting for non-adiabatic processes and interlayer interactions may provide an improved estimate for bottom-up predictive modeling of skyrmion dynamics [33] .
In summary, we have shown that MFM images of skyrmions can be quantitatively reproduced by modeling the magnetic field from a skyrmion using a closed expression from a multipole expansion with two free parameters per skyrmion, with several conclusions. First, based on |Q/P | 0 we can rule out with ≈ 90% certainty the skyrmions in our Ir/Fe/Co/Pt multilayers as purely Bloch textured. The sign of Q/P independently establishes that these skyrmions are Néel textured with helicity |γ| < π/2, consistent with micromagnetic calculations [18] . Second, the magnitude of Q/P provides the estimate r Sk = 36 ± 28 nm for γ = 0. Third, the spread of r Sk and the ∆f max can be directly used to estimate the corresponding inhomogeneity of magnetic interactions. In particular, ∆f max [ Fig. 4(b) ] is expected to be sensitive to variations in D [26] , and r Sk is expected to be sensitive to variations in K eff [34] . Fourth, we have estimated the pinning force skyrmions experience, and the critical current density for skyrmion motion. Finally, the utility of the physical analysis we presented beyond MFM, the compatibility with device configurations, and the relative computational simplicity that allows to apply it easily to large arrays of skyrmions, all bode well for future use towards both applications and basic science.
We 
